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Introduction 


Wedge-shaped homogeneous magnetic fields have been used in mass spectro- 
meters for more than ten years. It is well known that the most commonly 
used arrangement with straight field boundaries and with the ion beam cross- 
ing these boundaries perpendicularly gives only first-order focusing. In recent 
years several authors have treated the problem of improving the focusing either 
by giving the field boundaries appropriate shapes or by changing the geometry. 
BAINBRIDGE [1] has given formulae to obtain second-order focusing with circular 
boundaries. HINTENBERGER [2—4] has developed a general theory of the second- 
order focusing when using uniform magnetic fields and has given the field shapes 
for perfect focusing. KerrRwIn [5] has also treated the problem, especially for 
straight field boundaries in a symmetrical arrangement. He has also built an 
instrument according to these principles [7]. SpraHEt [8] has presented a theory, 
which, however, is not generally applicable. Some asymmetrical cases have been 
calculated by Kerwin and Grorrrion [6], although their results may not be 
correct in all cases (see p. 462). 

This article will discuss some special focusing problems of homogeneous 
magnetic fields. In Chapter I the graphical construction already shown by 
CarTAN [9] has been used for two purposes: 


1) to find the locus of the foci for varying masses, which locus may be of 
interest for the alignment of multiple collectors [10] and of photographic 
plates [11], and 

2) to show the aberration of different field arrangements, giving first-, second- 
and third-order focusing. 


The problem of the third-order focusing will be discussed to some extent. 
To obtain numerical values of the aberration and.the dispersion the graphical 
construction is not appropriate. Therefore the focusing conditions will also be 
treated analytically. The treatment is mainly restricted to some symmetric 
fields with straight and circular boundaries, which cases may be of practical 
interest. The different field arrangements will be compared as to aberration, 
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dispersion and resolving power. Finally, in Chapter II we will describe a partic- 
ular instrument, constructed to give second-order focusing. The results of 
measurements of the focusing properties will also be reported. } 


I. Focusing and resolving power 


a) Graphical construction 


The conventional sector field with perpendicular entrance and exit of the ion 
beam gives the image of the entrance slit on the line through this slit and | 
the centre of curvature of the ion beam (Barber’s rule). When the beam does — 
not cross the field boundaries perpendicularly, we may construct the focus in 
the following way, which has been given by CarTan [9]. 

Fig. 1 A shows how the focus is displaced along the central beam, when the 
angle ¢ between the central beam and the normal of the boundary varies. — 
When crossing the line 00’ the three indicated beams are parallel (the distances _ 
between the beams are greatly exaggarated in the figure). They are then | 
focused at the point Fo, if the angle ¢ =0, ie. normal exit. If ¢ #0, they 


(on 


Fig. 1A 


Fig. 1A. Variation of the focal displacement with the angle ¢. B. Graphical construction 
for the focal point, for arbitrary angle of incidence. 
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Fig. 2. The locus of the foci for varying radius of curvature, with straight field boundaries. 
The arrows give the directions of the ion beams. The angle wy has been calculated according 
to the formula given in Table 1. 


will have the focal point F.. When As <r we get from Fig. 1 A that B = As/lp, 
AB =As-tge/r and B—AB =As/I. and then 
le—y ce le-tge 

lo r 


(1) 


By means of Eq. (1) and making use of the properties of similar triangles, 
the graphical construction can be done as follows, where index | is reserved 
for the entrance side and index 2 for the exit (image) side (see Fig. 1 B). 
A perpendicular to the median ion beam through the point F.1, the entrance 
slit, crosses the normal to the field boundary in the point A,. The line through 
A, and 0, the centre of curvature of the median ion beam, will cross the nor- 
mal to the field boundary of the exit side in Ay. The focus point F.2 is now 
obtained by drawing a perpendicular to the median beam through A,. This 
construction has been used to obtain different loci of the foci, as shown in 
Figs. 2—6. 

In Fig. 2 we see the locus of the foci for different masses, when the field 
boundaries are straight and the angle of the apex is 90°. It appears that 
different masses in a mass spectrometer will in general not be focused on the 
straight line through the apex of the field and the entrance slit, as is some- 
times said in the literature. For a special case with circular boundaries the 
locus is shown in Fig. 3. The angle yw is defined as the angle between the 
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x 


Sey 


Fig. 3. The same construction as in Fig. 2, but for circular boundaries. 


tangent of the locus and the central beam. The numerical values of w given 
in these figures are calculated according to formulae shown later. 

The directional focusing properties of the normal 2/2-type and the type with 
circular boundaries are shown in Figs. 4 and 5. In both cases the aberration 
will have a minimum for beams which are focused in the turning point of the 
locus. Thus we see that the best focusing for the straight boundaries is ob- | 
tained for a=ad) (a is defined in Fig. 4), which is the so-called “inflection — 
case’ [5]. With circular boundaries, on the other hand, the smallest aberration | 
occurs for a= 0. 

From such curves as constructed in Figs. 4 and 5 it is possible to estimate 
the aberration. Assuming in Fig. 5 that a=dy,/da, for the beam and that 
19 — %_, = Ca® (where C = constant) for the locus, it can be shown that the 
aberration is (C/6)a?, when the beam is symmetrical around a= 0. From the 
curve to the left we estimate C to be about 6-7) and thus the aberration is 
about 793. This is to be compared with the aberration 79a? in the case of 
wedge-shaped fields (as in Fig. 4, when a =0 for the median beam). 

A further refinement giving third-order focusing is shown in Fig. 6. The 
deflection of the beam for the best focusing is, however, greater than 2/2 
(= 107.5’). 

It is obviously the curvature of the field boundary which is responsible for 
the aberration and the angle y, while the tangent to the field boundary gives | 
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Fig. 4. The locus of the foci for varying angle of incidence with constant radius of curvature. 
Straight boundaries. (The angle a, = 16°). 


Fig. 5. The same construction as in Fig. 4, but for circular boundaries. 


the focus point and the dispersion (compare Fig. 2 with Fig. 3 and Fig. 4 with 
Fig. 5 and see also Table 1). A closer investigation shows that straight bounda- 
_ ries give second-order focusing at most, while circular boundaries can give third- 
order focusing as shown in Fig. 6. This can be seen by a comparison with the 
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Table 1. 
EG 
Hirst-order Second-order focusing 
focusing 
Normal case ; 
‘ Inflection 
Straight Circular Cade 
boundaries boundaries 
tee 0 0 —}-tg0 
ry co r+ cot? 6 co 
l r+ cot 6 r- cot 6 2-r-cotO 
Dispersion 2-Ar 2-Ar 2-2-Ar 
Z tg 0 tg 0 tg 0 
eY 1 + sin? 6 1 + tg? 6 1+4-tg’6 
t 2 t 
Aberration ra oe “ra = = fre 


Fig. 6. An example of third-order focusing. The deflection of 107.5° gives minimum aberration. 
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shape of the ideal field boundaries giving perfect focusing as shown by HInTEN- 
BERGER [2]. If the boundaries of a symmetrical ideal field are approximated 
at the entrance and the exit of the ion beam by circular boundaries having 
the same radius of curvature and the same tangent as the ideal field, second- 
order focusing is generally obtained. In one case we also have third-order 
focusing, namely when the beam enters and leaves the ideal field across the 
points where its boundaries have maximum curvature. 


b) Calculations of dispersion, aberration and the angle w 
1) Symmetrical cases 
If we write 1. =1 and lh =r-cot 0 (see Fig. 1), equation (1) gives 
L = r/(tg 0 —tge). (2) 
From this we have by differentiation 


dl adr d 6/cos? 6 —de/cos’ e 
l r tgd9—tge 


Applying (2) and (3) to both halves of a magnetic lens, it 1s possible to cal- 
culate the second-order aberration and the dispersion and also the angle yw 
(see Fig. 7). 

By means of simple geometrical considerations and Eqs. (2) and (3) we ob- 
tain the second-order focusing condition in the case, when 6; = 6, =06 and 
B= & = €: 


r(-— +) = 2e0s° (tz 0 — tee) (te 0 + 2te 9) (4) 
TH1 TH2 

where rgi and rgg2 are the radii of curvature of the field boundaries: Kq. (4) 
has already been given by HinrENBERGER [4]. If ¢ = 0 (the normal case) and 
fH1=?'H2=TH, we get ry=rcot®6, and if r#1=rHe = ©, we have tge = 
= — (4)tg@ (the inflection case). 

The results of further calculations on the aberration are collected in Table 1. 
The expression for the aberration in the inflection case given by Kerwin [5] 
seems to be four times too large because the focal displacement has not been 
taken into account (see Fig. 4). 

The dispersion (D) measured normal to the central beam is for symmetrical 
cases found by calculation to be 


D =2 Ar-tg6/(tg 6 —tg«) (5) 
AA 
A 
For the normal case (index n) we have Dy, = 2-Ar and for the inflection case 
(index /) D; = (%)-2: Mr. Thus we obtain the constant ratio Dy: Dn = 3. (This 
result is to be compared with that m [5], which is calculated using wrong 
assumptions.) 


where Ar <r. If A is the mass-to-charge ratio, we can write 2: Ar =r: 
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hes aces 
; t96,-tgé, 


d@ = £.c0s'G 


6, = - £/sin(g+4)+tge, [1-<05(4+)]- 46 


de,= eed + 9 +d, 


Fig. 7. Method for the calculation of the dispersion and the angle y. 


The calculation of the angle y is demonstrated in Fig. 7, and the results are 
given in Table 1. A few numerical values are given in Figs. 2 and 3. In the 
case of second-order focusing, we see that the maximum value of y corresponds 
to minimum aberration. We obtain 


Wn MAX) oa 26.6° (6 = 45°) and 
Wf max = 35.3° (9 = 54.7°, 6+ |e] = 90° and thus we have a 180°-magnet). 


The calculation of the third-order focusing condition is rather laborious even 
for the symmetrical cases. It may however be shown that the arrangement 
in Fig. 6 has the following values for the third-order focusing: 0 = 53.8°, 
é = 28.6° and rq = 0.89 7. From this it is possible to calculate the values given 
in Fig. 6. The value of y, which is of interest when discussing the resolving 
power, is found by the graphical method to be about 22°. 


2) Asymmetrical cases 


In asymmetrical cases (0; 4 09, ©; A~ &), the formulae are generally more 
complicated. But one case that might be of interest is when rqi = rg2 = ©, 
é;=0 and 0, = 0, + ||, Le. there are straight field boundaries and normal 
incidence but oblique exit of the beam. (These conditions have already been 
discussed by Kerwin and Grorrrion [6]. Their results are, however, not cor- 
rect, because their assumption is valid only when 6, = 0, and e, = é.) The 
second-order focusing condition is now 
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sin? 0, = (1 + &)?- (2k — 1)-sin? 0, (6) 
where 
k = — tg &,/tg Oo. (7) 


This condition may also be found by using the general equation given by 
HINTENBERGER [4]. 


Table 2. 
30° TEuaiak —18.5° 1.86-r | 0.66-2-Ar 0.95 OM dase 
45° 19.3° —25.7° | 1.20-7 | 0.66-2-4r 0.90 29.9° 
90° 47.0° —43.0° | 0.50:r | 0.63-2-Ar 0.73 Sie 


In Table 2 the results are given for 6, = 30°, 45°, and 90°. There we also 
find the values of the distance /, and the dispersion (D) as well as the magni- 
fication (7), which is of interest when calculating the resolving power. D and 
M are given by the following equations 


D=2-Ar-()-[1/(1 + &) + cose] (8) 
M = [(2k—1)/(1 + &)]} (9) 


The angle y is also calculated and the result is found in the table. 


c) The fringe field 


Hitherto we have not taken the fringe field into account. But even if we 
have a fringe field in Figs. 4 and 5 there will be a locus of the foci having a 
form such that second-order focusing appears at some point. We can say that 
we have an effective field boundary and usually it will lie outside the boundary 
of the pole pieces at a distance of about the width of the pole gap. This is 
true for the ion beams in a certain plane, but because of the curvature of the 
fringe field different parallel planes have different effective field boundaries. 
Thus the image of the entrance slit will be curved [12]. To suppress this effect 
we have to use slits which are not too long in comparison with their widths. 
(The length of the slits will also introduce another broadening effect, because 
beams not parallel to the median plane will have their velocity perpendicular 
to the magnetic field diminished.) In practice the optimum conditions for a 
given magnet and analyzer tube are achieved by adjusting the magnet rela- 
tively to the tube and, if possible, by varying the direction of the ion beam. 


d) Resolving power 


We consider the case when there is one fixed collector. If the width of the 
collector slit is vanishingly small, we would measure the intensity distribution 
in the beam. On the other hand if the width of the collector slit is greater 
than the width of the beam, the measured peak has a flat top. That is what 
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Fig. 8A 


b-a 


“, Frtga/tgy 


b+a 
/- tga/tg y 
Fig. 8B 


Fig. 8 A. The beams in the neighbourhood of the collector slit. 
B. The measured peak, when b> a. 


is wanted for abundance measurements with a mass spectrometer and what is 
considered in the following. 

The fact that the angle wy is generally less than 90° (see Table 1 and Figs. 2 
and 3), has the effect that the base of a peak is broadened and its flat top 
diminished with descreasing values of the angle y. When the plate with the 
slit is perpendicular to the central beam, we find from Fig. 8 that the base 
and the top are 

bt+a b—a 


Aad Ber) te 
1—tga/tgy at 1+ tga/tgyp 


respectively, where a = the image width, b = the width of the collector slit and 
a =the half angle of divergence of the beam on the image side (in symmetrical 
cases this angle is the same on both the sides of the magnetic lens). The half- 
value width may be different from 6 depending on the intensity distribution. 
The given expressions of the base and the top are not quite correct, when there 
is only first-order focusing, because the image is not perpendicular to the central 
beam in this case. Instead of a we have to write a (1—sin 26 tg «) and 
a (1 + sin 26 tg a) resp. 

To resolve two neighbouring peaks it is necessary that the dispersion should at least 
be as large as the base of one peak, i.e. the following inequality must be satisfied: 


Aare b+a 


A ~ 1—tga/tg yp 


where A = the mass-to-charge ratio, A A = the difference in A (4 A < A) and p=a 
factor depending on the arrangement (pn = 1, pj = 3, see Table 1). Further we have 


ORE: ’ (10) 
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a= Mat+p-r:(AE/E) + Aa, (11) 


where dp = the entrance slit width, M =the magnification, 4 #/H = the rela- 
tive energy spread and Aa=the broadening not depending on the energy 
spread or the angle y. The resolving power is defined as 


A 


and when 6—a <a we obtain 


(4) ¥ p:r (1 —tg a/tg y) ; 
AA max 2(Mag+pr-AE/E + Aa) 


From Eq. (13) can be seen that 


1) with great energy spread, i.e. when p-r:-4H/E>M, + Aa, the resolving 
power is independent of p, 


2) when May> pr: AE/E + Aa, we find (A/AA)max to be proportional to », 


3) when having the commonly used first-order focusing and a relatively great 
divergence of the beam, ie. Aa ~ ra? > May + pr: AE/E, we obtain 


(4, la _ l-tga/tgy | 
AA max 2 ot 


When there is second-order focusing, the influence of the third-order aber- 
ration may be neglected. But the divergence of the beam has nevertheless 
a broadening effect through the factor (l—tga/tgy). If a=4° and 
tg y = 0.5, we obtain tg a/tg y = 0.14, i.e. a decrease of 14 % in the resoly- 
ing power. 


A comparison between the normal case with circular boundaries and the 
inflection case shows that with the same values of r and 6 (the same ion path 
in the magnetic field), the former case will give a greater resolving power than 
the latter case, because p, = 1 and p; = 3, but at the same time the ion path 
will increase with (2)-r-cot 0 (see Table 1). From Table 1 we also see that the 
angle y of the inflection case is greater than that of the normal case, but this 
difference will have negligible influence on the resolving power, if a< a. 

The special case of third-order focusing shown in Fig. 6 has tg a/tg y ~ 2.5 a. 
When a=5', we get 1—tga/tgy = 0.78. Thus the resolving power may de- 
crease appreciably with inerebetne a, even though the third-order aberration is 
negligible. 

The influence of the factor tg a/tgy can be diminished by turning the plate 
with the collector slit so that the angle between the plate and the central 


beam is less than 90° and about equal to y. 
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II. Practical application of the theory 
a) The instrument 


A mass spectrometer constructed to give second-order focusing has been built. 
A block scheme of the instrument is shown in Fig. 9. 

The pole pieces are constructed for normal incidence of the ion beam (¢=0). 
According to the formula in Table 1 we would in this case (0 = 45°) have 
ry = 7, 1.e. the field boundary has the same radius of curvature as the median 
ion beam. To correct for the fringe field we have reduced rg with the width 
of the pole gap (see Ic). The radius of curvature of the median ion beam is 
150 mm, the pole gap 15 mm and thus the value of rg is 135 mm (see Fig. 10). 
For symmetrical fields when ¢=0 BartnpripGe [1] has given the formula 
rH = 1 cos” 6 (cos 0 — a), where a is the half angle of divergence. In what way 
he has derived this formula is unknown by the author. The correction for a 
goes, however, in the same direction as the fringe field correction performed here. 

The analyzing chamber is made of a copper tube, flattened to fit in the pole 
gap without touching the pole pieces. Round the free ends of the tube there 
are wire windings as heating elements, delivering an effect of 350—400 watts 
when baking the analyzer. Both ends of the tube are sealed by cooled rubber 
gaskets. The electrical connections are made by means of Kovar-glass seals. 

The ion source is to a great extent a copy of NirErR’s [13], but we have the 
possibility of analyzing solid as well as gas samples. This is possible by means 
of the device shown in Fig. 11. When analyzing solid samples the centre part 
has an oven and a crucible of platinum. Without spoiling the vacuum in the 
analyzer we are able to change the centre part and introduce new samples. 
For gas analyses, on the other hand, we have a capillary leak. 

On the exit side we have only a single collector, and the measurements are 
performed by scanning the high voltage. The spectrum is then registered by a 
recorder (Speedomax). The scanning can be done either 1) by varying the 


To emission 
stabilizer and 
high voltage 


Device for changing samples 


Wa oHector 


To d-c amplifier 
and recorder 


Fig. 9. Block diagram of the mass spectrometer. 
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Fig. 10. igo i 


Fig. 10. The pole piece. The figures 0.9, 0.6 and 0.4 give the field strength at the edge 
compared with that of the homogeneous field. 


Fig. 11. The device for changing samples. 


reference voltage (Hy) in Fig. 12) or 2) by changing with constant speed the 
position of the grid contact of the potentiometer R (Fig. 12). We have aH = Ey 
and for voltage scanning the product A # is constant. Thus it follows that A 
is a linear function of x and in case 2) we get a linear mass scale on the 
recorder. 

The emission stabilizer and the amplifier are mainly copied from the work of 
GRAHAM, Harkness and THODE [14]. As preamplifier we have used the electro- 
meter tube FP 54. 

The current for the magnet is taken from a heavy duty battery, and the 
magnetic field is 7000 gauss, when the current is 2 A. Thus at an energy of 
1500 V it is possible to collect masses up to 350. 


10% 
c , 
ue 
10 
Fig. 12 B 
$ 
° -——_» 
0 a 


Fig. 12 A. Schematic circuit of the high-voltage scanning unit. B. Variation of high voltage 


with position of scanning potentiometer. 
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b) Focusing test 


At first the magnet was adjusted relatively to the analyzer and the slits 
were aligned to give optimum focusing. To examine the resolving power of the 
instrument spectrograms were then taken on Zn (see Fig. 13) with entrance 
slit 5 X 0.8 mm? and collector slit 5 X 1. 3 mm’. 

From the spectrograms we can obtain the values of a and 6b according to 
Fig. 8. When the radius of curvature is 150 mm, the dispersion between masses 
64 and 66 is calculated to be 4.6 mm (see Eq. (5)). By means of this value 
the distances in the spectrogram are normalized. When a ~ 2°, we find a to 
be about 0.7 mm and the half value width 1.4 mm. 

From the value of a@ we see that the total aberration is about 0.4 mm. An 
energy spread of 2 volts in 1500 gives a broadening effect of 0.2mm. This 
value has not been verified but seems very probable. Assuming a = 2° we get 
ra> = 0.01 mm. An incomplete second-order focusing will give a greater value, 
but certainly less than 0.1 mm (ra? =0.2 mm). The residual aberration is then 
due to other causes. 


Eee imi. | 


Fig. 13. Spectrum of Zn. The peak at mass 65 
(C;H;) is due to the pump oil (the cold trap 
not in use), It is asymmetrically placed be- 
— OTT) od) _:sltween the Zn-peaks 64 and 66 because of the 
68 67 66 65 64 great difference in mass defects. 
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According to Eq. (12) the resolving power can be written 


150 (1 — tg a/tg y) 
O; (prac 


In this case tg py = 0.5 and tg a ~ 0.035. Thus the resolving power should be 70. 

Reducing the width of the entrance slit to 0.1 mm and that of the collector 
sit to 0.6mm would give a resolving power of about 127. The flat top of 
the peak would then be about 0.1 mm. 


SUMMARY 


1) The graphical construction by Carran (see I a) is very convenient to show 
the focusing properties of homogeneous magnetic fields and, according to the 
opinion of the author, this method ought to be more known. 

2) The influence of the beam divergence on the resolving power may be 
rather important, even if the second-order aberration is zero and the third-order 
aberration is negligible. This depends on the value of the angle py between the 
locus of the foci for different masses and the beam. 

3) Second-order focusing may be obtained by using either the normal case 
with circular boundaries or the inflection case. Assuming the same ion path 
in the magnetic field, the resolving power in the former case is greater, but 
the total ion path longer than in the latter case. 
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